An odorant-binding protein (OBP) was isolated from bovine olfactory and respiratory mucosa. We have produced polyclonal antisera to this protein and report its immunohistochemical localization to mucus-secreting glands of the olfactory and respiratory mucosa. Although OBP was originally isolated as a pyrazine binding protein, both rat and bovine OBP also bind the odorants [3H]methyldihydrojasmonate and 3,7-dimethyl-octan-1-ol as well as 2-isobutyl-3-[3HI methoxypyrazine. We detect substantial odorant-binding activity attributable to OBP in secreted rat nasal mucus and tears but not in saliva, suggesting a role for OBP in transporting or concentrating odorants.
methoxypyrazine. We detect substantial odorant-binding activity attributable to OBP in secreted rat nasal mucus and tears but not in saliva, suggesting a role for OBP in transporting or concentrating odorants.
In an effort to clarify molecular mechanisms of olfaction, several groups have examined the binding of radioactive odorants to nasal mucosa (1) (2) (3) (4) (5) (6) or Pyrazine Specialties (Atlanta, GA). Protein molecular size markers were obtained from Bio-Rad. All other reagents were from commercial sources.
Preparation of Antibodies to OBP and Radioimmunoassays. Bovine OBP was purified as described (7) , and antibodies to this protein were raised by standard techniques (9) . Bovine OBP was iodinated with lodo-Beads (Pierce) according to the method of Markwell (10 (18) (19) (20) . After 5 min, secreted nasal mucus, tears, and saliva were collected with 5-,41 or 100-gl glass micropipettes. Mucus was collected from the external nares and tears were collected from the puncta.
Typically, 10 Al of nasal mucus, 20 Al of tears, and 200 A.l of saliva were obtained from a single rat in 1 hr.
Binding assays were performed by filtration over polyethylenimine-coated filters as described (7) . Assay mixtures typically contain secretions (2-20 jig of protein), 3-25 nM radioactive odorant, and unlabeled odorants in a final vol of 100 ,ul, and they were incubated at 4°C for 1 hr.
In 
RESULTS
Odorant Binding to Purified Bovine OBP. OBP was first detected on the basis of its pyrazine-binding properties (7, 8 1 ). Bovine OBP was purified as described (7) . After DEAE-cellulose chromatography, column fractions were assayed for the binding of four tritiated odorants. A single major peak of activity was found (Fig. 1A) . Using the same techniques, we have purified an OBP from rat olfactory and respiratory epithelium. DEAE-cellulose chromatography reveals a single peak of binding activity (Fig. 1B) and the purified protein has an apparent subunit molecular size of 21 kDa by NaDodSO4/PAGE (data not shown).
We wondered if four chemically distinct 3H-labeled odorants, which bind to a single protein, interact at the same or different sites on bovine OBP. In competitive binding studies, each of the odorants displays similar potency in competing for the four different 3H-labeled odorants (Table 2 ). These results suggest that all four odorants bind to the same site on OBP. However, one cannot rule out the possibility that they bind to different sites that display allosteric interactions. Characterization of the Antiserum to Bovine OBP. The titer of the polyclonal antiserum and its affinity for OBP were evaluated by radioimmunoassay. Half-maximal binding of OBP occurs at an antibody dilution of 1:8100. To determine the affinity ofthe antibody for OBP, we examined the binding of 115I-labeled OBP to the antiserum in the presence of increasing concentrations of unlabeled OBP. Fifty percent of maximal binding is apparent at 0.6 nM OBP. In the radioimmunoassay, the lowest detectable level of OBP is 30 pM.
Based on the binding of [3H]IBMP, the levels of OBP in rat nasal mucosa are about the same as in bovine nasal mucosa (data not shown). However, radioimmunoassay for OBP in rat olfactory mucosal homogenates detects levels only 0.1% of those found in bovine olfactory mucosa, indicating very little antiserum cross-reactivity between the species.
To ensure that the antiserum is selective for OBP, we performed immunoblot analysis of bovine olfactory and respiratory mucosa (Fig. 2) . Coomassie blue staining of purified OBP detects the major band of protein at 19 kDa and a minor contaminant at 66 kDa (see Fig. 4 Inset, lane 2). In immunoblots of purified bovine OBP, antisera against OBP recognize a band of 19 kDa and a minor contaminant at 63 kDa (Fig. 2, lane 1) . The 66-kDa contaminant observed with Coomassie blue staining is not recognized by the antiserum to OBP. In crude olfactory and respiratory epithelium homogenates, only the 19-kDa protein is recognized, confirming that the immunohistochemical stain images only authentic 19-kDa protein (Fig. 2, lanes 4 and 7) . Preadsorption of antiserum with HPLC-purified bovine OBP (7); 3, the major HPLC peak of absorbance from A; 4, the major HPLC peak of absorbance from B.
propria and along the surface of the epithelium (Fig. 3 C and  D) . Anatomically, mammalian nasal glands are differentiated into Bowman's glands in the olfactory mucosa and respiratory glands, which underlie the respiratory mucosa (21) . Specific staining for OBP occurs in both types of glands. Preadsorption of the antiserum with HPLC-purified OBP eliminates glandular staining (data not shown). Preadsorption of the antiserum with bovine serum albumin does not alter the staining pattern. A band of immunoreactivity along the ciliary (outer) surface of the olfactory and respiratory epithelium is also seen in the normal rabbit serum control and thus is not specific for OBP. Reaction product is deposited in erythrocytes when either OBP antiserum or normal rabbit serum is used and presumably reflects endogeneous peroxidase activity.
Demonstration of Odorant Binding in Rat Nasal Mucus and Tears. A major function of the nasal glands is the secretion of mucus into the nasal cavity (22) . Based on the localization of OBP to bovine mucus-secreting glands, we investigated the binding of odorants to secreted mucus, tears, and saliva in rats whose secretions were stimulated with isoproterenol ( Using a two-step procedure consisting of DEAE-cellulose and HPLC chromatographic steps, we have purified OBP to apparent homogeneity from rat nasal mucus. A single peak of binding activity is observed after DEAE-cellulose chromatography (data not shown). This peak (40 ,ug; 8% of the total protein) is further purified by reverse-phase HPLC (Fig. 4B) . A single peak is observed, closely corresponding to the elution volume of bovine OBP (Fig. 4A) 
DISCUSSION
The major findings of the present study are that OBP, originally isolated as a pyrazine-binding protein, binds several structurally unrelated odorants, that OBP is localized in bovine nasal glands, and that OBP is secreted into the nasal mucus of rats, where it comprises 2% of total protein.
The binding of several structurally unrelated odorants to OBP and the lack of binding of non-odorants (7) indicates that OBP is involved in olfaction. Of numerous nasal proteins (22) (23) (24) (25) (26) (27) , only OBP binds odorants selectively. Moreover, the micromolar Kd of OBP for certain odorants is in the range of concentrations relevant to olfactory transduction both electrophysiologically (28) and biochemically (29) . Our evidence that OBP interacts with odorants in the ambient air suggests a specific role in olfaction. Odorants subjectively detected when present at apparent nanomolar concentrations in the air are then concentrated to the micromolar levels in mucus required to influence olfactory neuronal firing (28) and adenylate cyclase (29) . The parallel between sensory potencies of pyrazine odorants and their affinities for OBP supports such a role. Immunohistochemical localization of OBP to bovine nasal glands indicates that this protein is not a neuronal odorant receptor. However, the olfactory epithelium is bathed in a layer of mucus secreted by the underlying glands, which odorants must traverse prior to their interaction with neuronal receptors (21) . OBP is secreted into the nasal mucus after isoproterenol stimulation. This finding is consistent with the reduction in the secretory granule content of acinar cells of the salamander olfactory glands after stimulation with isoproterenol (20) or with micromolar concentrations of IBMP (30) . OBP is presumably stored in the granules of the olfactory glands and released upon appropriate stimulation.
The binding of various odorants to OBP may be relevant to models proposed for transporting odorants (31, 32) prior to their interaction with olfactory receptors or eliminating them after signal transduction (21) . The time required for an odorant to traverse the olfactory mucosa from the surface to receptor sites is in part a function of the diffusion coefficient of the molecule and the viscosity of the medium (33, 34) . In addition to concentrating odorants in the mucosa relative to the air, OBP could decrease the diffusion delay of odorants traversing the mucosa by acting as a selective carrier.
[3H]DMO in ambient air accumulates in the mucus but not in tears or saliva. However, the observed levels of odorant in these secretions may not be directly comparable because tritiated odorant is actively inhaled into the nose, but it diffuses passively into the tears and saliva. The binding of inhaled [3H]DMO suggests that OBP can interact with odorants in vivo.
It is unclear whether odorant binding in rat tears involves secretions from the lacrimal glands or from the nose with subsequent transport to the tears via the nasolacrimal duct (35 
